Amyloid formation is an ordered aggregation process, where β-sheet rich polymers are assembled from unstructured or partially folded monomers. We examined how two Escherichia coli cytosolic chaperones, DnaK and Hsp33, and a more recently characterized periplasmic chaperone, Spy, modulate the aggregation of a functional amyloid protein, CsgA. We found that DnaK, the Hsp70 homolog in E. coli, and Hsp33, a redox-regulated holdase, potently inhibited CsgA amyloidogenesis. The Hsp33 anti-amyloidogenesis activity was oxidation dependent, as oxidized Hsp33 was significantly more efficient than reduced Hsp33 at preventing CsgA aggregation. When soluble CsgA was seeded with preformed amyloid fibers, neither Hsp33 nor DnaK were able to efficiently prevent soluble CsgA from adopting the amyloid conformation. Moreover, both DnaK and Hsp33 increased the time that CsgA was reactive with the amyloid oligomer conformation-specific A11 antibody. Since CsgA must also pass through the periplasm during secretion, we assessed the ability of the periplasmic chaperone Spy to inhibit CsgA polymerization. Like DnaK and Hsp33, Spy also inhibited CsgA polymerization in vitro. Overexpression of Spy resulted in increased chaperone activity in periplasmic extracts and in reduced curli biogenesis in vivo. We propose that DnaK, Hsp33 and Spy exert their effects during the nucleation stages of CsgA fibrillation. Thus, both housekeeping and stress induced cytosolic and periplasmic chaperones may be involved in discouraging premature CsgA interactions during curli biogenesis. The first described functional amyloid was curli, extracellular organelles assembled by enteric bacteria such as Escherichia coli and Salmonella species.
Introduction
Amyloid formation is central to human ailments such as Alzheimer disease, Parkinson disease, Huntington disease, transmissible spongiform encephalopathies and type II diabetes. 1, 2 Proteins and peptides of various primary sequence signatures can assemble into amyloids, which are biophysically distinguished as 4-12 nm wide, β-sheet rich fibers that are highly resistant to denaturation and bind to dyes such as thioflavin T (ThT) and Congo red (CR). 3, 4 Amyloid subunits spontaneously polymerize into amyloid fibers in vitro after a defined lag phase, which is followed by rapid fiber growth. [5] [6] [7] Although many proteins, if not all, can adopt the amyloid conformation in vitro, certain amino acid sequences or cellular environments significantly influence in vivo amyloidogenesis. 1, 6, 8 A new class of "functional" amyloids has been linked to important physiological processes in cells. Unlike disease-associated amyloid formation in vivo, which is sporadic and difficult to predict, the formation of "functional" amyloids is a tightly regulated cellular process. 9, 10 Functional amyloids have been identified in nearly all walks of life, from bacteria [11] [12] [13] [14] to fungi [15] [16] [17] to mammals. 18, 19 Understanding how functional amyloids can form without apparent cellular toxicity will provide new insights into the processes that break down during disease-associated amyloid formation.
The first described functional amyloid was curli, extracellular organelles assembled by enteric bacteria such as Escherichia coli and Salmonella species. 12 Curli fibers play an important roll in biofilm formation, [20] [21] [22] cell adhesion, 23 cell invasion 24, 25 and induction of the host inflammatory response. [26] [27] [28] Curli biogenesis is a highly regulated process and requires the products of two divergently transcribed operons (csgBAC and csgDEFG). 29 CsgD is a transcriptional activator of the csgBAC operon. 29, 30 CsgG is an outermembrane lipoprotein required for the secretion of the major and minor curli subunits CsgA and CsgB, respectively. 30, 31 CsgA is secreted as a soluble, unstructured peptide and is nucleated into an extracellular amyloid fiber by the cell surface-associated CsgB. 12, [32] [33] [34] CsgF assists in attachment of CsgA fibers to the cell surface and aids CsgB in its nucleation function. 35 CsgE functions as a specificity factor in the periplasm for CsgG-mediated secretion of curli subunits and possesses chaperone activity in vitro. 36 CsgC putatively collaborates with CsgG to regulate the passage of proteins and small molecules through CsgG. 37, 38 Curli biogenesis must be a finely tuned system in order to prevent intracellular aggregation of CsgA.
The primary amino acid sequence of CsgA features five imperfect repeating units that are predicted to form a β-helix with an overall cross β-strand structure. 39, 40 Repeating units one and five are highly amyloidogenic and contain conserved glutamine and the outer membrane. The curli specific accessory protein CsgE exhibits chaperone activity toward CsgA in vitro by inhibiting polymerization. 36 Here, we show that Spy, a newly characterized periplasmic holdase, 62 can prevent CsgA from polymerizing into an amyloid aggregate in vitro. Spy is under the regulation of the Cpx and Bae two-component systems, both of which are induced by stresses that promote protein misfolding and aggregation. [63] [64] [65] [66] Interestingly, both of the curli operons are negatively regulated by the Cpx system. 65 Whether the Cpx stress response is induced during curli biogenesis has yet to be determined.
In this study we demonstrate that Hsp33, DnaK and Spy are potent inhibitors of CsgA fiber formation in vitro. Substoichiometric amounts of DnaK transiently prevent CsgA polymerization in the absence of the co-chaperones DnaJ and GrpE, and without the addition of ATP. Hsp33 not only interfered with polymerization initiation, but also reduced the total amount of amyloid fibers formed. Spy, in addition to inhibiting CsgA polymerization in vitro, reduced curli biogenesis when overexpressed in vivo. The inhibition of CsgA fiber formation by DnaK, Hsp33 and Spy can be overcome by the addition of preformed CsgA fibers. Moreover, we also found that Hsp33 and DnaK did not prevent the formation of a structurally conserved transient CsgA intermediate that is also formed by disease-associated amyloids. These chaperones may be part of a control mechanism protecting the cell from inappropriate amyloid formation within the cell.
Results

DnaK inhibits
CsgA amyloid formation. The conversion of soluble amyloidogenic monomeric proteins to an ordered amyloid fiber in vitro can be measured using the amyloid specific dye thioflavin T (ThT). When freshly purified CsgA was mixed with ThT, fluorescence emission increased rapidly after an approximately 2 h lag phase (Fig. 1A) . The rapid growth phase of CsgA fibers was followed by a stationary phase, consistent with previous findings (Fig. 1A) . 7 When comparing CsgA polymerization profiles in the presence or absence of chaperone proteins, we measured two parameters. The first kinetic parameter was calculated as the time period preceding rapid fiber growth, called lag phase. The second parameter, called the elongation phase, was calculated as the time period encompassing the fiber growth phase from initiation of rapid polymerization to its completion. 7, 67 To determine if DnaK affects CsgA amyloid formation in vitro, ThT fluorescence was measured in the presence or absence of DnaK. DnaK increased the lag phase 3-and 8-fold at molar ratios of 1:20 and 1:5 (DnaK:CsgA), respectively (Fig. 1A) . However, once CsgA started to aggregate, neither the rate of fiber formation nor the maximal ThT fluorescence were affected by the presence of the chaperone (Fig. 1A) . To determine if the ability of DnaK to inhibit CsgA polymerization was dependent on the intact DnaK substrate-binding domain, the DnaK V436F mutant was tested in the ThT assay. The DnaK V436F mutant has reduced substrate affinity, but similar substrate specificity. 68 When added to soluble CsgA, DnaK V436F was significantly less efficient at inhibiting CsgA fiber formation compared with wild-type DnaK asparagine residues that promote amyloid formation. 41 Repeating units two, three and four contain gatekeeper residues, which reduce the propensity to form amyloids on their own. 42 The separation of the amyloidogenic regions of CsgA is believed to help reduce the occurrence of premature amyloid formation within the cell. CsgA also contains a Sec-secretion signal sequence and an N-terminal 22 amino acid sequence on the mature protein that is required for CsgG-mediated translocation across the outermembrane. 31, 36 Both CsgA and CsgB proteins are at undetectable levels by protein gel blot in the absence of CsgG. 30 Whether this is due to proteolytic degradation of CsgA and CsgB or transcriptional repression remains to be established.
During synthesis and export, CsgA may be exposed to the cytosolic and periplasmic chaperone machinery, which could modulate amyloidogenesis by preventing inappropriate amyloid fiber formation within the cell. How the cellular chaperone machinery engages amyloidogenic proteins, especially functional amyloids, is poorly understood. Recent studies have shown that the human chaperone Hsp70 partially prevents amyloid formation of the disease-associated proteins Aβ(1-42) and α-synuclein. 43, 44 Hsp70 is an ATPase but can inhibit Aβ amyloidogenesis in the absence of ATP and its cochaperone Hsp40. 45 DnaK, the Hsp70 homolog in E. coli, 46 has been shown to prevent protein aggregation and assist in the refolding of denatured proteins or remodeling of large protein aggregates. 47, 48 DnaK is composed of two functional domains, the ATPase domain and the substrate-binding domain. 49 Substrate binding and release by DnaK is regulated by the nature of the nucleotide bound to the ATPase domain. 50, 51 The ATP bound form of DnaK has a significantly lower substrate affinity than the ADP bound form. 49 The ATPase cycle of DnaK is regulated by the co-chaperones DnaJ and GrpE. 47 DnaJ stimulates the DnaK ATPase activity, while GrpE is a nucleotide exchange factor that stimulates the release of ADP from DnaK. 52, 53 DnaJ, or a DnaJ homolog, and GrpE are essential for DnaK activity in vivo and in in vitro luciferase disaggregation assays.
54
Hsp33 is a "holdase" chaperone. 55 Holdase chaperones are not thought to actively refold denatured substrates, but instead quench exposed hydrophobic regions of proteins during periods of transient cellular stress. 55 Hsp33 expression is controlled by σ 32 , the heat shock transcription initiation factor, and is induced at elevated temperatures and other conditions that trigger protein denaturation. 56 Hsp33 is activated at the protein level by oxidizing and denaturing conditions. 55 Four cysteines located in Hsp33's C-terminal redox-switch domain coordinate Zn 2+ under reducing conditions. 57, 58 When oxidized, these cysteines form two disulfide bonds and the Zn 2+ is released from the protein. 59 A second region on the C-terminal domain of Hsp33 senses denaturing conditions. 60 The combination of oxidizing and denaturing conditions triggers full activation and dimerization of Hsp33, which then acts as a holdase with broad specificity. 55 Hsp33 efficiently protects the cell from protein aggregation in the cytoplasm under aggregation inducing conditions. 61 CsgA traverses the periplasmic space where it may be exposed to periplasmic proteostatic mediators that may play a role in maintaining CsgA in a soluble form prior to secretion across ©2 0 1 1 L a n d e s B i o s c i e n c e .
D o n o t d i s t r i b u t e .
maintains CsgA in a soluble state ( Fig. 1C and lanes 5-8) . These results were in agreement with transmission electron micrograph (TEM) images. CsgA formed unbranched fibers in the absence of DnaK; however, no such fibers were observed when CsgA was incubated in the presence of DnaK for 13 h ( Fig. 1D and E) . Oxidized Hsp33 inhibits CsgA polymerization in vitro. Hsp33 is a homodimeric molecular chaperone which, when activated by oxidative stress, functions as a potent holdase. To determine if Hsp33 influences amyloid formation, we measured CsgA fiber formation in vitro using ThT fluorescence. 70, 71 Reduced, chaperone-inactive, Hsp33red and oxidized, chaperone-active, Hsp33ox, were assayed for the ability to inhibit CsgA polymerization in vitro. 55 The presence of Hsp33ox at a 1:80 (Hsp33ox dimer:CsgA) molar ratio increased the lag phase of CsgA fiber formation to 8 h ( Fig. 2A) . The presence of Hsp33ox at a molar ratio of 1:20 increased the lag phase by 13 h, while a molar ratio of 1:4 prevented CsgA polymerization for a time that was greater than the duration of the experiment ( Fig. 2A) . To verify that Hsp33 interfered with CsgA fiber formation and not with the ( Fig. 1B) . Wild-type DnaK prevented CsgA polymerization for greater than 30 h, while an equivalent concentration of DnaK V436F only increased the lag phase from 2-7 h (Fig. 1B) .
To verify that the observed effect was due to the inhibition of CsgA polymerization, and not due to an indirect effect such as interference of the chaperone with ThT fluorescence we measured CsgA solubility in the presence and absence of DnaK. As an amyloid, curli are highly resistant to denaturation and require treatment with a harsh denaturant such as formic acid (FA) or hexafluoro-2-propanol (HFIP) to liberate the monomeric species.
12,38 After 13 h of incubation, polymerization reactions were centrifuged to separate the soluble and insoluble CsgA prior to analysis by SDS-PAGE. Duplicate samples were treated with 80% (w/w) FA to depolymerize CsgA aggregates. 12, 69 CsgA was present only in the FA treated pellet samples after 13 h of incubation in the absence of DnaK indicating that CsgA was entirely in the polymerized form ( Fig. 1C and lanes 1-4) . After 13 h in the presence of DnaK, however, CsgA was still detected in the non-FA treated supernatant samples suggesting that DnaK In contrast to Hsp33ox, Hsp33red had only marginal effects on CsgA polymerization in vitro (Fig. 2E) . Consistent with the ThT results, CsgA was mostly present in the pellet fraction of samples containing Hsp33red and CsgA at a 1:2 molar ratio (Fig. 2F, lane 8) . Significantly smaller amounts of CsgA were present in the supernatant fraction along with large quantities of Hsp33red (Fig. 2F , lanes 5-6). CsgA polymerization was also monitored by TEM. Regular, unbranched fibers were observed when CsgA was incubated alone or with Hsp33red for 13 h ThT fluorescence, a CsgA solubility assay was conducted. All CsgA-containing samples had one band corresponding to CsgA in the pellet fraction treated with FA (Fig. 2B, lane 4) . The majority of CsgA was present in the supernatant fraction of samples that contained Hsp33ox and CsgA at a 1:2 molar ratio signifying that CsgA was maintained in an SDS-soluble form (Fig. 2B , lanes 5-6). Fibers were observed by TEM in samples containing only CsgA, while no fibers were observed in samples containing both CsgA and Hsp33ox ( Fig. 2C and D) . Figure 1C . Samples were also analyzed by negative stain TEM. CsgA only (G) or CsgA and Hsp33red (H) were applied to formvar coated copper grids, stained with uranyl acetate and examined by TEM.
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when CsgA was incubated in the absence of chaperone ( Fig. 3A  and B) . In the presence of DnaK, the lag phase is increased from 2 h to 10 h and the A11-reactive species was detectable for up to 15 h (Fig. 3A and B) . When CsgA was incubated with Hsp33ox the A11-reactive species did not disappear for more than 24 h after the start of the reaction (Fig. 3B) . The persistence of the A11 reactive species was not due to cross-reactivity with Hsp33ox, as the A11 antibody did not react with the above assayed concentration of purified Hsp33ox (Fig. 3C) . The small amount of crossreactivity observed for the A11 antibody with DnaK ( Fig. 3C) is consistent with previous findings that the A11 antibody reacts with Hsp70 and particularly with the substrate binding domain of Hsp70; however, Lotz et al. did not observe reactivity with full-length DnaK.
45,74
The inhibitory effects of Hsp33ox and DnaK are abolished by the addition of CsgA seed. CsgA amyloid formation can be accelerated or "seeded" by the addition of preformed CsgA fibers. 7 To determine whether DnaK and Hsp33ox alter CsgA seeding by preformed fibers, polymerization assays were performed in the presence of different CsgA seed concentrations. CsgA seed ( Fig. 2G and H) . Together, these results demonstrate that oxidized, but not reduced, Hsp33 maintains CsgA in a soluble state.
Hsp33ox and DnaK prolong the presence of a transient folding intermediate common to amyloids. The conformationspecific antibody A11 recognizes a conserved, transient folding intermediate that is present during the polymerization of many functional and disease-associated amyloids. 7, 72, 73 Although the exact molecular structure that A11 recognizes is unresolved, it is proposed to be an ordered intermediate that precedes the mature amyloid fiber.
72 A11 transiently recognizes freshly purified CsgA during the first part of its transition to an amyloid fiber. However, once polymerization reaches stationary phase, no A11 reactive species can be observed. 7 The A11 antibody was therefore used to test if Hsp33ox and DnaK act on CsgA in a manner that impacts progression from an A11-reactive conformation to an amyloid conformation. Freshly purified CsgA monomers were incubated with substoichiometric concentrations of DnaK or Hsp33ox. Samples were removed at the indicated time points (Fig. 3A, arrows) and spotted onto a nitrocellulose membrane. An A11-reactive species was detectable up to approximately 8 h concentrations as low as 3% (weight/weight relative to soluble monomer) eliminated the lag phase of CsgA amyloid formation as has been previously demonstrated (Fig. 4A) . 7 The inhibitory effects of DnaK and Hsp33ox, as well as the lag phase of CsgA fiber formation, were reduced by the addition of 3% (w/w) CsgA seed and abolished by 12% (w/w) CsgA seed for both chaperones ( Fig. 4B and C ; note the time scales are different in A from B and C). In the presence of 3% seed there was an initial burst of fluorescence signal, a phase of minimal fluorescence increase and a more rapid growth phase that concluded in a stationary phase ( Fig. 4B and C) . Hsp33 reduced the maximum ThT fluorescence by a similar amount in the presence and absence of CsgA seed (Fig. 4C) . The observation that the final ThT fluorescence remains reduced in the presence of Hsp33 and 12% CsgA seeds suggests that Hsp33 is sequestering a population of CsgA that cannot be incorporated into an amyloid (Fig. 4C , compare solid and dotted lines).
Spy inhibits CsgA polymerization in vitro. Spy is a periplasmic chaperone that is regulated by the Cpx and Bae extracellular stress responses, both of which are induced by conditions that stress the proteome. [63] [64] [65] [66] Spy exists as a homodimer and is structurally homologous to CpxP, the adaptor protein of the Cpx two-component stress response system. CpxP has also been proposed to act as a chaperone. 62, 75, 76 However, Spy has two hydrophobic patches in the concave surface of its structure that may be involved in substrate binding and chaperone activity; similar hydrophobic patches are less well-defined in CpxP. 62, 76 We chose to test CsgA as a substrate for Spy since CsgA passes through the periplasm and, as a functional amyloid, is prone to ordered aggregation. No amyloid aggregates have been detected in the periplasm, therefore, we hypothesized that chaperone proteins like Spy may help to keep CsgA soluble as it passes through the periplasm to the cell surface.
To test the ability of Spy to prevent CsgA aggregation, we mixed purified Spy with freshly purified, monomeric CsgA and monitored polymerization in vitro by ThT fluorescence. Spy inhibited CsgA polymerization in a concentration dependent manner (Fig. 5A) . Like DnaK and Hsp33, inhibition by Spy could also be overcome by the addition of preformed fibers (Fig. 5B) . We found that Spy inhibited CsgA polymerization but the addition of comparable concentrations of CpxP to soluble CsgA had no effect on the polymerization of CsgA (data not shown). Comparison of these seemingly similar proteins will likely reveal their distinct functions in envelope stress responses.
Deletion of spy from the curli-expressing strain BW25113 had no effect on curli biogenesis (data not shown). It has been shown that some periplasmic chaperones are functionally redundant In addition, 3% (w/w relative to CsgA monomer) or 12% sonicated, preformed CsgA fibers were added to the polymerization reactions as indicated. Fluorescence was measured as described in Figure 1A . Shown are representative data sets of three replicates.
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Discussion
Amyloidogenesis is an ordered aggregation process. Amyloidogenic proteins, such as CsgA, are unstructured prior to their assembly into highly ordered aggregates making them likely targets for chaperone proteins. Consistent with this idea, human Hsp70 influences amyloid fiber formation of Aβ(1-42) and α-synuclein. 43, 44 Also, the small heat shock protein (sHsp) αB-crystallin and the sHsp-like clusterin have been shown to influence amyloid formation. [79] [80] [81] Our results demonstrate that the endogenous bacterial chaperones DnaK, Hsp33 and Spy are potent inhibitors of CsgA fiber formation.
Like most amyloidogenic proteins, CsgA polymerizes by a nucleation-precipitation growth mechanism. Fiber growth is preceded by a lag phase, during which nuclei putatively form and subsequently drive fiber formation. Nucleation is the rate-limiting step of CsgA polymerization, resulting in an approximately 2 h lag phase (Fig. 4A) during which "needlelike" protofibers have been observed by TEM. 82, 83 The presence of DnaK and Hsp33 significantly increased the length of the lag phase of CsgA polymerization, apparently by maintaining CsgA in a soluble state. This data suggests that both chaperones interfere with CsgA amyloidogenesis. Spy also inhibited CsgA but required a 1:1 molar ratio (Spy dimer:CsgA monomer), suggesting either an alternative mechanism of inhibition or simply lower affinity for CsgA.
While DnaK increased the lag phase of CsgA polymerization, it does not appear to significantly affect fiber growth. The presence of DnaK did not appreciably change the time from the onset of fast polymerization to stationary phase or the maximum ThT fluorescence. The ability of DnaK to inhibit CsgA polymerization required an intact DnaK substrate-binding site, as the DnaK V436F mutant, which shows reduced substrate affinity, was far less efficient in inhibiting CsgA fiber formation. Therefore, we and can compensate for the loss of a single chaperone. 77, 78 It is therefore not surprising that the spy deletion did not produce an observable phenotype. However, when Spy was overexpressed, we observed reduced Congo red binding (Fig. 6A) consistent with reduced CsgA protein levels by protein gel blot (Fig. 6B) . One possible explanation for this result is that stabilization of unfolded CsgA by Spy in the periplasm allows for more efficient proteolytic degradation of CsgA and therefore less secretion and curli assembly. Alternatively, the excessive production and secretion of Spy may have titrated resources that are required for the production and secretion of curli subunits. CsgG levels are not as dramatically reduced as CsgA levels, suggesting that CsgA is more sensitive to Spy overexpression. Because CsgG levels remain similar to WT when Spy is overexpressed, we concluded that there was not competition for secretion or significant feedback repression of the curli operons (Fig. 6B) .
Next we tested whether reduced curli assembly was due to an increased chaperone capacity in the periplasm. Periplasmic protein extracts (PEs) were harvested and added back to freshly purified CsgA monomers, polymerization was monitored by ThT fluorescence in vitro (Fig. 6C) . We harvested periplasmic proteins from WT BW25113 with empty vector (vector) or overexpressing Spy (pSpy). PEs from cells with empty vector showed a minimal effect on CsgA polymerization (Fig.  6C and long dashes) . However, PEs from cells overexpressing Spy inhibited CsgA polymerization (Fig. 6C, short dashes) . After 20 h, CsgA was found to be in an SDS-insoluble state after incubation with periplasmic extracts from WT cells with empty vector only but primarily in an SDS-soluble state after incubation with periplasmic extracts from cells overexpressing Spy (Fig. 6D) . These results demonstrate that the periplasmic chaperone activity was likely due to an increase in Spy protein in the periplasm. 
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formed. Alternatively, a transient interaction could lead to the release of an altered CsgA molecule with modified amyloid forming potential. Similar models have been proposed to explain the inhibition of Aβ fiber formation by Hsp70/40 and Hsp90. 43 Spy may inhibit CsgA polymerization at a step prior to oligomerization. Spy has a slight effect on CsgA polymerization at substoichiometric concentrations, but does not exhibit full inhibition unless at a 1:1 molar ratio of CsgA to Spy dimer (Fig. 5A) . Seeding assays provide further evidence that Spy inhibits oligomerization given that the polymerization kinetics of a seeded reaction in the presence of Spy more closely resemble that of a seeded reaction in the absence of chaperone (Fig. 5B) . These results suggest that Spy is stabilizing the soluble monomeric species of CsgA and are consistent with the findings of Quan et al. demonstrating full aggregation inhibition of denatured MDH and aldolase at a 1:1 molar ratio. 62 It has been proposed that there are two nucleation pathways involved in amyloid fiber formation: (1) Fiber independent nucleation is involved in the initial formation of amyloid fibers during the lag phase and (2) fiber dependent nucleation predominates after initial fiber formation and is the driving force of seeded polymerization reactions. The presence of both pathways has been demonstrated for amyloid formation by Islet Amyloid Polypeptide. 84 When CsgA monomer is nucleated by preformed fibers, the presence of Hsp33, DnaK or Spy no longer prevented suggest that DnaK most likely interacts transiently with CsgA, preventing an early step in fiber formation, while it does not interfere with polymerization after nucleation in the absence of ATP. This model is also supported by the observation that the same maximal ThT fluorescence is detected in the presence and absence of DnaK.
In contrast to DnaK, Hsp33 not only lengthened the lag phase of CsgA fiber formation but it also altered CsgA fiber elongation kinetics. Hsp33 decreased the rate of elongation and reduced the total amount of polymerized CsgA. Fiber formation is prevented entirely at an Hsp33 to CsgA molar ratio of 1:4. This observation is similar to the results of previous studies with the sHsp-like clusterin. 79 The inhibitory effect of Hsp33 is dependent on its redox state. The reduced form shows little inhibitory activity, while the oxidized form is a very potent inhibitor. We propose that Hsp33, like DnaK, binds to a folding intermediate, preventing nucleus formation or maturation from the "needlelike" oligomers into a fiber-competent conformation. Two models can be proposed in order to explain why sub-stoichiometric amounts of Hsp33 are sufficient to prevent CsgA fiber formation. Hsp33 could tightly associate with an oligomeric folding intermediate, arresting a large amount of CsgA in an elongation incompetent state, leading to a reduced CsgA monomer and amyloid fiber concentration. Such a reduced monomer concentration would explain the slower polymerization and overall reduced yield of amyloid fibers . Cells were harvested, normalized by OD 600 and subjected to protein gel blot using polyclonal antibodies against CsgG (top) and CsgA (bottom) (C) 20 μM CsgA polymerization was monitored by ThT fluorescence in the presence of periplasmic extracts (PEs) from BW25113 + vector control or BW25113 + pSpy. PEs were normalized to 100 ug/mL. Fluorescence was measured as described in Figure 1A . Shown are representative data of three replicates. (D) Soluble and insoluble CsgA were separated by centrifugation after incubation alone, with BW25113 + vector control or with BW25113 + pSpy periplasmic extracts. Samples were either treated with SDS loading buffer or first with hexafluoro-2-propanol (HFIP), dried and then treated with SDS loading buffer. Samples were loaded on an 18% SDS PAGE gel and stained with Coomassie.
Hsp33 purification. Hsp33 was purified as previously described in reference 55. The reduction of Hsp33 was performed as previously described in reference 59. To oxidize Hsp33, it was treated with 2 mM H 2 O 2 at 43°C for 1 h prior to buffer exchange into 40 mM KPi pH 7.5, as previously described in reference 60.
DnaK purification. Wild-type and mutant DnaK (V436F) was purified as previously described in reference 86 with slight modifications. Mutant DnaK was created by site-directed mutagenesis using the QuikChange kit (Stratagene).
Spy purification. Spy was purified as previously described in reference 62.
Periplasmic extract preparation. WT BW25113 cells were made chemically competent and transformed with pCDFTrc (vector) or pCDFTrckanBamHI-spy (pSpy) 62 were grown in LB at 37°C overnight and then plated on YESCA plates supplemented with kanamycin and grown for 2 d at 26°C. It was unnecessary to induce Spy expression as increased Spy levels could be observed by coomassie stained SDS-PAGE (data not shown). Cells were harvested in 20 mM Tris (pH 8.0). Cells were collected by centrifugation at 8,000 rcf for 10 min followed by incubation in osmotic shock buffer (30 mM Tris, 40% sucrose 2 mM EDTA, pH 7.3) for 10 min. Cells were pelleted at room temperature and resuspended in 2 mM MgCl 2 , incubated on ice for 3 min and pelleted again. The supernatant was kept as the periplasmic extract (PE).
ThT fiber formation assay. Each experiment shown is a representative of at least three replicates. Freshly purified CsgA was mixed with 20 μM ThT and incubated in the presence of DnaK or Hsp33 in a black 96-well flat bottom plate (Corning Inc.), which was placed in a Spectramax M2 plate reader (Molecular Devices; Figs. 1-4) . The plate reader was maintained at 25°C for all experiments. 50 mM KPi pH 7.2 was used as reaction buffer for all experiments involving Hsp33. For experiments involving DnaK, 50 mM KPi 50 mM KCl pH 7.2 was used as reaction buffer. Unless stated differently the reaction volumes were 100 μl. Molar ratios are reported in terms of monomeric DnaK and dimeric Hsp33. Fluorescence was monitored in 10 min intervals at 495 nm after excitation at 438 nm. The cut off of the plate reader was set to 475 nm. The plate was shaken for 5 sec prior to each read. CsgA polymerization in the presence of Spy and periplasmic extracts were conducted in 50 uL reaction volumes in 50 mM KPi (pH 7.3) with 20 uM ThT. ThT readings were taken in a Infinite 200 Pro NanoQuant plate reader (Tecan Group LTD.; Figs. 5 and 6) every 10 min after 2 sec of shaking at 2.5 mm amplitude with an excitation wavelength of 438 nm and emission wavelength of 495 nm. Molar ratios are reported in terms of Spy dimer. At least three replicates of each assay were conducted.
CsgA solubility assay. 100 μl CsgA samples supplemented with the respective chaperones were incubated in 96-well plates in a Spectramax M2 plate reader at 25°C. Identical samples were supplemented with 20 μM ThT to monitor amyloid formation. ThT fluorescence was monitored as described above. After 13 h 30 μl aliquots were taken from the CsgA samples and centrifuged at 70,000x g for 1 h at 4°C in 1.5 ml polyallomer tubes (Beckman Instruments) using a TLA-55 rotor (Beckman Coulter) in an Optima TLX ultracentrifuge (Beckman Coulter). the seeding of CsgA into an amyloid fiber (Figs. 4 and 5) , suggesting that they interfere with fiber independent nucleation and not with fiber dependent nucleation. The folding step that is inhibited by Hsp33, DnaK and Spy might not be necessary for CsgA to be competent for fiber dependent nucleation. This would explain the observation that preformed fibers circumvent the inhibitory effects of these chaperones. However, even in a seeded reaction, Hsp33 reduces the amount of CsgA fibers formed, although no effect on the lag phase is observed. This observation suggests again that Hsp33 arrests a fraction of CsgA in a state incompetent for fiber formation. DnaK and Spy, on the other hand, appear to act at an earlier stage: possibly stabilizing soluble monomers of CsgA prior to oligomerization.
Disease associated amyloids such as Aβ and PrP form a transient oligomeric species, which is recognized by the A11 antibody. 72 Freshly purified CsgA is recognized by the A11 antibody, while CsgA denatured with guanidine hydrochloride is not recognized. 7 The CsgA species that is recognized by the A11-antibody has been shown to be either monomeric or dimeric, but may be an off-pathway step in amyloid fiber formation. 7 DnaK and Hsp33 increase the time that the A11-recognized species is present during CsgA polymerization, suggesting that CsgA undergoes at least one rapid folding step into the A11-recognized species before the chaperones inhibit further folding and fiber elongation. Further experiments will have to be performed to determine the relevance of the species recognized by the A11-antibody in the amyloid formation pathway of CsgA. Hsp33 may be a suitable tool for these experiments.
A role for DnaK, Hsp33 and Spy during curli biogenesis in vivo remains to be determined. Our data suggest that chaperones could provide a cellular control mechanism to protect the cell from premature amyloid formation prior to export of CsgA covering different physiological situations and in different subcellular compartments. They most likely interfere with fiber independent nucleation, which would be predominant in the cytosol after CsgA synthesis and during secretion across the periplasmic space. Curli assembly was reduced by increasing the chaperone capacity of the periplasm through the overexpression of Spy, suggesting that cells carefully balance curli subunit secretion with proteostatic mediators in the periplasm. Curli biogenesis is tightly controlled at the level of transcription, export and nucleation (reviewed in ref. 85); chaperone mediated assembly of curli adds another dimension to the controlled nature this system.
Materials and Methods
CsgA purification. CsgG and CsgA-6XHis were overexpressed in LSR12 (C600::Δcsg) and CsgA-6x His was purified from the growth media as previously described in references 7 and 12. To remove the imidazole, eluates were run over a gel filtration column (Sephadex G-25 fine, Amersham Biosciences) into either 50 mM potassium phosphate buffer pH 7.2 (KPi) or 50 mM KPi pH 7.2 that was supplemented with 50 mM potassium chloride (KCl). CsgA-6x His polymerizes into an amyloid fiber with similar kinetics to wild-type CsgA in vitro and will be referred to as "CsgA" in this paper.
Whole cell protein gel blot. BW25113 with pCDFT (vector) or pCDFTrckanBamHI-spy (pSpy) were grown overnight in LB supplemented with kanamycin at 37°C. Cultures were diluted to OD = 1.0 in 50 mM KPi (pH 7.3) and 4 μL were spotted on a YESCA plate and grown for 48 h at 26°C. Cells were harvested in 1 mL of 50 mM KPi (pH 7.3). Two 100 μL samples were taken from a 1.0 OD suspension and pelleted at 16,000 rcf for 10 min. Samples were either treated with 40 μL of 2x SDS loading buffer or 50 μL of hexafluoro-2-propanol (Sigma-Aldrich, 52512), dried in a Thermo Savant SPD SpeedVac (Thermo Fisher Scientific) and then treated with 40 μL of 2x SDS loading buffer. Seven microliters were loaded in a 15% SDS PAGE gel, transferred to 0.45 μm PVDF transfer membrane (Thermo Fisher Scientific) and blocked overnight in TBS-T 5% skim milk. Blots were probed with anti-CsgA (1:10,000) and anti-CsgG (1:70,000) polyclonal antibodies followed by goat-anti-rabbit (1:10,000; Sigma-Aldrich, A0545).
Electron microscopy. Electron microscopy sample preparation and image acquisition was performed as previously described in reference 7.
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After centrifugation, the supernatant fractions (~30 μl) were transferred into a fresh tube. Pellet fractions were treated with 50 μl 95% (w/w) formic acid (Sigma-Aldrich, F0507), while 95% formic acid was added to the supernatant fraction yielding a final formic acid concentration of 76%. Immediately after addition of formic acid the samples were placed in a SPD111V SpeedVac (Thermo Fisher Scientific) and all solvent was removed. The formic acid treated samples were resuspended in 4x SDS sample buffer (125 mM Tris pH 6.8, 10% 2-Mercaptoethanol, 20% Glycerol, 6% sodium dodecyl sulfate, 0.02% bromophenol blue), sonicated for ten minutes in a Solidstate/Ultrasonic FS-14 bath sonicator (Fisher Scientific) before incubating at 95°C for 10 min. Formic acid treated and untreated samples were then analyzed by SDS-PAGE and Coomassie staining. The solubility of CsgA after incubation with periplasmic extracts was determined similarly. Soluble and insoluble CsgA were separated by centrifugation in an Eppendorf 5415R centrifuge in duplicate. Pellets were treated with 40 μL 4x SDS sample buffer or 50 μL hexafluoro-2-propanol (HFIP; Sigma Aldrich) for 10 min and then dried in a SPD111V SpeedVac (Thermo Fisher Scientific) before resuspension in 40 μL of 4x SDS sample buffer. Supernatants were treated with and equal volume of 4x SDS sample buffer or with a final concentration of 80% HFIP for 10 min, dried and then resuspended in 40 μL 4x SDS sample buffer. Samples were boiled for 10 min prior to loading on a 15% SDS-PAGE gel and analyzed by Coomassie staining.
Dot-Blot Assay with A11. The blot assay was performed as previously described in reference 7. CsgA samples were taken from fiber formation reactions in 96-well plates that were simultaneously monitored with ThT fluorescence in separate wells at 25°C, as described above.
